Abstract: A greenhouse experiment with parsley was conducted to investigate the effects of organic liquid fertilizers on biomass yield, photosynthesis, root zone pH, electrical conductivity, and nutrient concentrations of plant tissue and growing medium. Limed peat with 20 kg m −3 composted chicken manure was used as the growing medium. Four organic fertilizer treatments based on chicken manure extract and lupin sap were compared with conventional inorganic liquid fertilizer and no liquid fertilizer (only solid fertilizer). Chicken manure extract resulted in a higher biomass yield than lupin sap (6.7 g dry matter compared with 5.8 g) but lower than inorganic fertigation (8.4 g). Photosynthesis was not influenced by type of fertigation. Growing medium pH was between 7.4 and 8.5 in all organic treatments and one to two units higher than in the inorganic treatment. Electrical conductivity was highest in the lupin sap treatment. The root zone concentrations of NH 4 , K, Cl, and Na were found to be higher in the organic treatments. Inorganic fertigation, on the other hand, resulted in higher concentrations of NO 3 , Ca, and Mg. Concentrations of P and most of the micronutrients were at deficit levels in the lupin sap treatment. The addition of extra micronutrients to lupin sap increased the tissue concentrations but not the biomass yield. Among the organic treatments, chicken manure extract showed the most favourable root zone conditions and biomass yield.
Introduction
In many organic systems, productivity is 5%-34% lower compared with inorganic production systems, mainly due to differences in management, crop species, cropping systems, and growing conditions (Seufert et al. 2012) . Nutrient management is one of the key factors influencing yield and the quality of organic food production (Dorais 2008) . The availability of nutrients for plant uptake is often lower in organic production systems than in inorganic systems even at higher application rates of organic solid fertilizers (Seufert et al. 2012) . The variation in nutrient concentrations, predictability of release and availability, and synchronization between nutrient release and plant uptake are the major challenges in nutrient management when using organic solid fertilizers (Burnett et al. 2016) . The application of liquid organic fertilizers could be a suitable alternative or supplement to greenhouse-grown crops, especially when grown in demarcated beds or pots. In liquid organic fertilizers, nutrients are more readily available and several fertilizers can be combined to address plant needs more accurately. However, application of organic fertigation affects physical (water and air capacity), chemical [pH, electrical conductivity (EC) , amounts of nutrients, and organic matter], and biological (roots and microorganisms) characteristics of the growing medium, which, in turn, affect nutrient availability for plant uptake and thereby plant growth (Zhai 2009; Burnett et al. 2016) .
The chemical properties of growing media quickly become similar to the applied fertigation solution in soilless growing conditions, whereas physical properties are less influenced (Burnett et al. 2016) . High ratios of ammonium (NH 4 ) to nitrate (NO 3 ) in organic fertigation solutions and in the root zone after fertigation are reported in previous studies (Zhai 2009; Pokhrel et al. 2015) . High concentrations of NH 4 in the root zone can lower pH and impair the uptake of other cations and thereby plant growth (Borgognone et al. 2013 ). However, application of liquid organic fertilizers with a high pH quickly increases the pH in peat-based growing media (Rippy et al. 2004) . At high pH levels, the negatively charged particles of the growing medium tightly bind the cationic nutrients, thereby reducing the availability of these nutrients to the plants (Wright et al. 2009; Leytem et al. 2011) . The availability of Ca, Mg, and P can also be reduced due to precipitation as insoluble carbonates or phosphates at high pH (>7.5) levels (Leytem et al. 2011; Coto et al. 2012) . The EC of a solution indicates the amount of dissolved elements and is an important indicator of overall nutrient concentration; however, EC alone does not provide complete information about the availability of individual nutrients in the solution (Trejo-Tellez and Gomez-Merino 2012) . Increased EC after application of organic fertilizers due to large amounts of extractable K, Na, Cl, and heavy metals can have negative effects on nutrient uptake and crop growth due to the osmotic effect and cation competition (Trejo-Tellez and Gomez-Merino 2012; Rameshwaran et al. 2016) .
Providing a balanced supply of essential nutrients from organic fertilizers is a difficult task as the concentrations of some nutrients are in excess and others in deficit (Burnett et al. 2016) . If the supply of N for crop growth is fully dependent on manure, excess K and P will accumulate in the growing medium (Leytem et al. 2011 ). Das et al. (2005) reported that high concentrations of P reduced the availability of Zn in the soil solution and argued that this could be due to formation of insoluble compounds such as Zn 3 (PO 4 ) 2 . Moreover, the application of manure reduced Ca, Mg, NH 4 , and Na uptake because of high concentrations of K (Nielsen and Hansen 1984; Leytem et al. 2011) .
Some producers of organic greenhouse fruits and vegetables are already using liquid organic fertilizers; however, the effect of organic liquid fertilizers on root zone conditions, plant growth, and the nutrient status of crops has not been significantly investigated. The aim of this study was to determine the effect of fertigation with chicken manure extract, lupin sap, and their combinations on (i) the chemical properties of the growing medium such as pH, EC, and nutrient composition compared with inorganic fertigation and only presowing incorporation of organic solid fertilizers (no liquid fertigation), (ii) nutrient concentrations and the net photosynthesis rate in leaves, and (iii) the growth and yield of parsley shoots. . The inorganic and organic fertigation solutions were prepared to obtain similar total N (inorganic N + organic N) concentrations in all treatments. The pH in the applied inorganic fertigation solution was adjusted to 6.0 by adding phosphoric and nitric acids. The nutrient concentrations in fertigation solutions (Table 1) were analyzed at a commercial laboratory (Eurofins, Galten, Denmark). The fertigation started 19 d after sowing through an ebb-flood irrigation system and the drainage water was recirculated. Fertigation solutions were changed once a week with newly prepared solutions to avoid the build-up of high concentrations of specific nutrients and changes induced by microbial activity. The number of fertigation events was increased from one to three per day according to plant size to fulfill plant water and nutrient demands.
Materials and Methods

EC, pH, and nutrient analysis of growing medium solution
The EC and pH of the growing medium solution were measured for each replicate once a week starting from 7 d after fertigation start (DAF) to 28 DAF by a pH and EC meter (Model no. HI 9813, Hanna Instruments Inc., Cluj-Napoca, Romania). At 15 DAF, samples of growing medium solution were collected 1 h after a fertigation event by vacuum suction of pots and sent to a commercial laboratory (Eurofins) for nutrient analysis.
Photosynthesis
A separate experiment was conducted between July and September 2014 with the same experimental setup as explained above to measure the net photosynthetic rate. Seeds were sown on 24 July. One plant from each replicate was transferred 8 DAF from greenhouse conditions to a growth chamber with 190 μmol m −2 s −1 light, an 18 h photoperiod, and a temperature of 20°C. Photosynthetic light response curves were measured at 22 DAF on a fully developed young leaf by a portable photosynthesis system (CIRAS-2, PP Systems, Hitchin, UK). A leaf area of 2.3 cm 2 was covered by the photosynthetic chamber and a leaf temperature of 21°C, leaf-toair vapor pressure of 10 mbar, and CO 2 concentration of 390 μmol mol −1 were maintained inside the chamber.
Photosynthesis was measured at 10 photosynthetic photon flux density (PPFD) levels: 150, 50, 0, 150, 200, 400, 800, 1200, 1600, and 2000 μmol m −2 s −1 . Before the start of measurements, the leaves were left in the chamber for 20 min to reach equilibrium (constant rate of photosynthesis). Leaves were left for 3 min at each light level to ensure a constant net rate of photosynthesis.
Plant growth and nutrient analysis of plants and growing medium
On 28 DAF plants from two pots per replicate were cut at the surface of the growing medium and the leaf area measured for all leaves by a LI-3100 area meter (LI-COK Inc., Lincoln, NE) and their fresh weights were determined. Plant material was dried at 70°C for 48 h for dry weight determination. Plants from another five pots were harvested and dried. The dry matter from all seven pots was mixed, vacuum-packed, and sent to a commercial laboratory (Agrolab, Bruckberg, Germany) for nutrient analyses. Aboveground fresh and dry weights and leaf area were also determined on two pots per replicate on 0, 7, 14, and 21 DAF to calculate the weekly increment in leaf area, leaf dry matter, and specific leaf area (SLA).
On 28 DAF, the growing medium from two pots from each replicate was mixed thoroughly and, after removing thick roots, sieved through a 10 mm mesh, stored at −20°C, and sent to a commercial laboratory (Agrolab) for nutrient analysis.
Statistical analysis
The statistical data analysis was done using the generalized linear model (GLM) procedure of SAS (Statistical Analysis System, version 9.2, SAS Institute Inc., Cary, NC). The mean value was used in the analysis if measurements on several pots were taken within a replicate. Tukey's studentized range test was applied to determine significant differences between treatments at the P ≤ 0.05 level of significance for biomass yield, nutrient concentrations in the growing medium solutions and leaves, EC, pH, and the net photosynthetic rate.
Results
Plant growth
On 28 DAF, the fresh and dry weights, total leaf area, and number of leaves per pot were higher in IN and lower in W compared with the organic treatments ( Table 2) . Among the organic treatments, C and CL had higher fresh weights than L and LM and larger leaf areas than LM, whereas dry weight and number of leaves were similar. On 28 DAF the leaf water content was lower in L than in IN and C, where it was similar (Fig. 1B) .
Until 14 DAF no differences were found in weekly dry matter (DM) and leaf area increment or leaf water content (Fig. 1) . When no liquid fertilizer was given (W), the leaf area increment rate and leaf water content were reduced between 14 and 21 DAF compared with all other treatments and the DM increment rate was reduced compared with IN. Between 21 and 28 DAF, the DM and leaf area increment rate were further reduced in W and in L the DM increment rate was lower than in both IN and C and the leaf area lower than IN. There were no significant differences between C and IN concerning DM and leaf area increment rate or leaf water content. The SLA continuously decreased from 0 to 28 DAF and was the same in all treatments (Fig. 1D) . The DM and leaf area increments, leaf water content, and SLA in LM were similar to L and in CL the values fell between those of L and C (results not shown).
pH and EC of growing medium solutions
The EC and pH of the growing medium solutions were affected by type of liquid fertilizer, date of measurement, and their interaction (Fig. 2) . In the organic treatments and W, pH increased after fertigation and was higher than in IN: around one unit higher at 7 DAF and two units higher at 28 DAF ( Fig. 2A) . After the initial increase the pH stabilized in C and W, whereas in L the pH continued to increase until 14 DAF before stabilizing at a higher pH than C. The pH values for LM were similar to L, and in CL, the values were between those of L and C (results not shown). The pH of IN decreased from 0 DAF to the end of the experiment.
The L treatment resulted in higher EC values than with C and IN on most dates of measurement and only at one time point did the EC of C and IN differ from each other (Fig. 2B) . The addition of micronutrients in LM did not influence the growing medium EC compared with L, and in CL, the EC values fell between the values for L and C (results not shown). Both organic and inorganic liquid fertilizers increased the EC as compared with W.
Nutrient concentrations in fertigation and growing medium solutions
The nutrient composition of the growing medium solution, determined 1 h after application of fertigation solution, reflected in most instances its chemical form in the applied solutions. Almost all N was in the form of NO 3 in IN and in the form of NH 4 in the organic treatments (Tables 1 and 3 ). The P concentration in L and LM was similar to W and much lower than in IN and C. The concentrations of K, Cl, and Na were higher in the organic treatments than in IN and W, whereas the concentrations of S, Ca, and Mg were generally lower in the organic treatments than in IN. Among the organic fertigation solutions, Ca and Mg concentrations were very similar, whereas the concentrations of K and NH 4 -N were higher and the concentrations of Na, Cl, and S lower in L and LM than in C.
The growing medium was analyzed for total N, NO 3 -N, NH 4 -N, P, K, Mg, and SO 4 -S after the final harvest (Table 4 ). The concentrations of total N and Mg were similar in all treatments. In IN the concentration of NO 3 -N was 7-22 times higher and that of NH 4 -N less than half compared with the organic treatments. In the organic treatments, NH 4 -N and NO 3 -N concentrations were similar. The K concentration in L and C was 7 and 4 times higher than in IN, respectively. The NO 3 -N, NH 4 -N, and K Note: Means (n = 3) within each column followed by different letters are significantly different (P ≤ 0.05).
concentrations were very low in the W treatment. Similar P concentrations were found in C and IN, which were 4-5 times higher than in L. The SO 4 -S concentration in IN was higher than in the other treatments and C had a higher concentration than in L.
Photosynthesis
The yield response (fresh and dry weights and leaf area) to fertigation treatments was similar in the two experiments (data not shown for the photosynthesis experiment). The net photosynthetic rate was higher in treatments receiving liquid fertilizer compared with W at all light levels, except 0 μmol m −2 s −1 . In all treatments, the net photosynthetic rate increased linearly with increasing PPFD until 200 μmol m −2 s −1
, but the slope was steeper for plants receiving fertigation than for W (Fig. 3) . There was no further increase in the net photosynthetic rate exceeding 400 μmol m −2 s −1 PPFD for W and 800 μmol m −2 s −1 PPFD for the fertigated treatments, which indicates saturated light levels for photosynthesis in parsley leaves under low and optimal nutrient conditions.
Nutrient concentrations of aboveground biomass
The nutrient content of the aboveground biomass was influenced by the type of applied fertilizer (Table 5 ). The nutrients found in the highest concentrations were K and N and also Cl in the organic treatments. The concentration of N differed only between IN and LM, and for K only between CL and L where fertigation solution was applied. In W the concentrations of N and K were only half of those found in the fertigated treatments. Concentrations of P, Ca, and Mg were lower in C than in IN but higher than in L. The S concentration was highest in C and CL. The organic treatments had around 3-5 times higher Cl concentrations than IN and W. Micronutrient concentrations were similar in IN and C, which were higher than in L for Zn, B, and Cu. Nutrient concentrations in biomass from the CL treatment generally fell between those of the C and L treatments but closer to C than L. In LM, where extra Fe, Cu, B, and Mn was added to the fertigation solution, the concentrations of these micronutrients also increased in the biomass, except for Mn, which tended to decrease. 
Discussion
Plant growth
Parsley fresh and dry weights were affected by the type of fertigation solution (Table 2 ). In the present study, a lower yield was accompanied by a reduced total leaf area due to reduced number of leaves, smaller leaves, and reduced plant growth rate as visualized by the reduced DM and leaf area increment rates (Table 2 and Fig. 1 ). Our discussion mainly focuses on factors in the applied nutrient solutions, which are either individually or combined considered responsible for the differences in plant growth of parsley.
High pH
In the present experiment, the pH of the organic fertigation and growing medium solutions was above the optimum level for parsley growth (Havlin et al. 2014) and could be one of several factors as to why the biomass yield was lower than in IN. Despite the pH in the IN fertigation solution being adjusted to 6.0, the measured pH in the growing medium solution was higher due to the incorporation of composted chicken manure prior to sowing. The higher pH value in the organic treatments and W was mainly a result of very high concentrations of bicarbonate (1500-1900 ppm) in the organic fertilizers (data not shown) and of not controlling pH by addition of acid before use.
A high pH has been shown to increase the risk of ammonia volatilization from NH 4 (Kai et al. 2008) . Almost all inorganic N was available as NH 4 in the organic fertigation solutions (Table 3 ) and combined with the high pH of 7.5 and above, this level may have led to N loss through ammonia volatilization and subsequently reduced N availability in the growing medium and plant growth. The risk of ammonia volatilization has been shown to increase by 67% with a pH increase from 6.3 to 7.5 (Kai et al. 2008) . A high root zone pH reduces the availability of Ca, Mg, and other cations (including some micronutrients) as well as P due to precipitation of hydroxides, carbonates, and phosphates and complexing and tight binding with organic matter and clay particles (Wright et al. 2009; Leytem et al. 2011; Coto et al. 2012) .
Precipitation possibly already took place in the fertigation tanks. Moreover, when pH reaches above 7.0, inorganic P changes from dihydrogen phosphate to hydrogen phosphate (pK a = 7.21) and the root uptake rate of hydrogen phosphate has been shown to be much lower than for dihydrogen phosphate (Chen and Barber 1990; Silber and Bar-Tal 2008) . This could explain the lower leaf P concentration in C compared with IN despite the higher concentrations of P in the growing medium solution. Chen and Barber (1990) reported that plant uptake of P was reduced 6.4-fold when the pH of the growing solution increased from 6.5 to 7.6 at similar P concentrations. The higher pH in the organic treatments, especially L, could also play an important role in lowering the concentrations of micronutrients in the growing medium solutions and in the leaf tissue, and thereby plant growth (Wright et al. 2009 ). The concentrations of Zn, B, and Cu were lower in plant tissue from C than L and addition of inorganic micronutrients (LM) increased tissue contents of Fe, B, and Cu. For Fe and B this was to a similar level as in IN, indicating that despite a very high pH in L it was possible to improve micronutrient status by additional supply.
Nutrient deficiency
The leaf N concentration did not differ among the organic treatments and was comparable with IN (Table 5) ; however, available N in the fertigation solutions and growing medium solutions was lower in the organic treatments (Table 5 ). The very low P concentrations in the L and LM fertigation solutions and plant tissue indicate that a P deficit is the reason for the reduced yield in these treatments compared with IN Fig. 2 . The (A) pH and (B) EC in the growing medium solution 1 h after application of inorganic fertilizer (IN), chicken manure extract (C), lupin sap (L), and water (W). Vertical bars indicate standard error of the mean (n = 3) and different letters indicate statistically significant differences between fertigation treatments and days after fertigation start (P ≤ 0.05). and C. Phosphorus deficiency has been reported to reduce the biomass yield due to a smaller total leaf area as a combined result of fewer and smaller leaves (Plenet et al. 2000) . The reduced leaf growth in P-deficient plants was due to a lower cell division rate (Kavanova et al. 2006 ) and in some plant species due to reduced cell elongation (Radin and Eidenbock 1984) , but not in all (Chiera et al. 2002; Assuero et al. 2004 ). In the present study, the concentrations of micronutrients differed between the two organic treatments C and L with generally lower levels in the fertigation and growing medium solutions of L. The addition of extra Fe, Mn, B, and Cu to L increased the leaf concentrations of Fe, B, and Cu, but not the biomass yield. Therefore, micronutrient ) of nutrients in the growing medium solution after application of inorganic fertilizer (IN), chicken manure extract (C), 50% C + 50% L (CL), lupin sap (L), L + inorganic micronutrients (LM), and water (W). Note: Means (n = 3) within each column followed by different letters are significantly different (P ≤ 0.05). Note: Means (n = 3) within each column followed by different letters are significantly different (P ≤ 0.05). deficiency was not likely to be the most important growth-limiting factor in L compared with C and IN. The net photosynthetic rate was measured to determine if photosynthesis was limited by nutrient deficiency in the organic treatments, but it turned out to be similar in the C, L, and IN treatments. This indicates that the lower biomass yield in the organic treatments was not caused by a reduced net photosynthetic rate. Peng et al. (2014) found that the net photosynthesis in maize leaves was positively correlated with leaf N concentration up to a certain level, above which the addition of N resulted in increased biomass yield but not increased net photosynthesis. Likewise, leaf net photosynthesis has been shown not to change significantly with changes in leaf P concentration, due to its intracellular regulation and compartmentation. The vacuoles store inorganic P and release it to the cytoplasm on demand (Qiu and Israel 1994; Schachtman et al. 1998) . The cytoplasmic P concentration is more stable than the vacuolar and plant growth will be reduced considerably prior to a reduction in net photosynthesis in P-deficient plants (Qiu and Israel 1994; Schachtman et al. 1998) . This indicates that levels of all macronutrients and micronutrients were sufficient for maximum photosynthesis, but not for plant growth in our study. Unfortunately, the net photosynthesis measurements were performed before significant differences in total biomass yield were found between IN, C, and L. In W, most macronutrients and micronutrients were below the critical levels for optimal photosynthesis and reduced the net photosynthetic rate (Chenard et al. 2005) .
Nutrient excess and cation competition
The lower biomass yield in L and LM compared with IN and C could partly result from a higher root zone EC, caused primarily by an excess concentration of K (Kafkafi et al. 2001 ) often found in plant-based organic fertilizers (Zhai 2009; Pokhrel et al. 2015) . Because the root zone EC in L and LM was above the level for optimum parsley growth (Alvaro et al. 2015) , it was likely to inhibit water and nutrient uptake, resulting in a reduced growth rate (Rameshwaran et al. 2016 ). This argument is supported by the lower leaf water content in L than in C and IN at 28 DAF. The reduced plant growth and yield in the organic treatments could partly be due to the high K to Ca + Mg ratios in the fertigation solutions, resulting in similar ratios in the plant tissue.
High concentrations of Na and Cl in the organic fertigation solutions, especially C and CL, could contribute to the reduced plant growth. Complications related to high Cl and Na concentrations can be Cl toxicity and reduced uptake of Ca, K, and Mg, respectively. In the present experiment, the Cl concentration in leaf tissue from organic treatments reached the upper threshold for maximum plant growth of tolerant species (Xu et al. 2000) , due not only to the higher external Cl, but also to the high NH 4 concentration. The negative effect of Cl on plant growth has been reported to be more severe under high NH 4 conditions, because it is difficult to maintain electrical neutrality (Kafkafi et al. 2001) . High external concentrations of Cl have been shown to act antagonistically on P uptake by roots and could be responsible for the low plant P concentration in C and CL (Kafkafi et al. 2001) .
High concentrations of Na in the root zone can reduce tissue concentrations of Ca and K, and thereby plant growth (Tavakkoli et al. 2010) . In the present study, the plant tissue concentration of Na was only minorly influenced by the higher external Na concentrations in the organic treatments. The other macronutrient cations, K, Ca, and Mg, were taken up according to the theory that the concentration ratios of these cations within the plant will be linearly correlated to the corresponding cation activities in the growing medium solution (Nielsen and Hansen 1984) . When a K = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ða Ca þa Mg Þ p (a = ion activity in mol L −1 ) for our growing medium solutions was plotted against c K /2c Ca + 2c Mg (c = ion concentration in mol L −1 ) in the plant material, a correlation (R 2 ) of 0.9929 was obtained (data not shown). Excessive concentrations of K in the root zone have been previously reported to reduce the uptake of Ca Mg, B, Mn, Fe, and Zn and thereby reduce plant growth (Nielsen and Hansen 1984; Ranade-Malvi 2011) .
High NH 4 to NO 3 ratio
The reduction in plant growth after application of organic fertigation could be attributed to the high ratio Note: Means (n = 3) within each column followed by different letters are significantly different (P ≤ 0.05).
of NH 4 to NO 3 in the root zone because NH 4 , as the only source of N, is toxic and reduces growth of many plant species (Silber and Bar-Tal 2008; Borgognone et al. 2013) . It has been reported that plants fed only with NH 4 have fewer and smaller leaves and a reduced growth rate as compared with plants receiving NO 3 as the dominating source of N (Borgognone et al. 2013 ). This could be due to NH 4 -induced nutrient deficiency or acidification of the root zone resulting in reduced cell division and elongation rates in roots and leaves and toxic levels of intracellular ammonia (Silber and Bar-Tal 2008; Lui et al. 2013 ). However, reduced plant growth due to acidification of the root zone can be ruled out in the present experiment, as the root zone pH was higher in all organic treatments than in IN.
Conclusions
Fertigation with chicken manure extract resulted in a higher biomass yield than with lupin sap. Plants receiving organic fertigation all had fewer and smaller leaves and lower fresh and dry weights aboveground than plants receiving inorganic fertigation. This was not due to reduced net photosynthetic rate, but all organic fertigation strategies resulted in high pH, high Na and Cl concentrations, high NH 4 to NO 3 ratios, and nutrient imbalances in the root zone. Furthermore, lupin sap fertigation resulted in a high EC and very low P and micronutrient concentrations. These components may have been either individually or collectively responsible for the reduced plant growth and lower biomass yield compared with inorganic treatments.
